Five patients with symptomatic knee hyperextension thrusting patterns due to posterolateral ligament complex injury underwent gait analysis before and after a gait retraining program. Patients were trained to avoid knee hyperextension by 1) walking with their knees slightly flexed throughout stance, 2) maintaining ankle dorsiflexion in early stance, and 3) maintaining an erect trunk-hip attitude during stance. Kinematic and kinetic measurements were obtained using automated gait analysis. Four of the five patients significantly reduced hyperextension at the knee and abnormal motion patterns at the hip and ankle. Patients showed increases in knee flexion throughout stance conversions of knee flexion-extension moments to more normal biphasic
patterns with a 79% decrease in extension moments at terminal extension, and a 22% decrease in knee adduction moments. Posttraining values also showed a 30% decrease in the calculated medial tibiofemoral loads ( P < 0.05). At the hip, there were significant decreases in abduction and adduction moments (36% and 18%, respectively, P < 0.01). Ankle plantar flexion motion decreased significantly by 42% ( P < 0.01). Gait retraining can alter the biomechanics of hip, knee, and ankle function to approximately normal levels, and therefore is recommended before ligament reconstruction because abnormal knee motions, if resumed postoperatively, can stretch soft tissue reconstructions.
It is known clinically that patients with chronic injuries to the posterolateral structures of the knee (i.e., lateral col-lateral ligament, arcuate-popliteus-gastrocnemius complex) may develop a major gait abnormality characterized by excessive knee hyperextension during the stance phase of gait. The patient may be seen with subjective complaints of knee instability, and partial or full giving way during activities of daily living. The patient may experience pain to the medial joint line; the pain is presumed to arise from increased compressive forces at the medial tibiofemoral compartment, often related to accompanying varus alignment of the limb during the stance phase. Complaints of pain in the posterolateral soft tissues are frequent, with the pain presumed to arise from increased soft tissue tensile forces. The abnormal knee hyperextension involves increased extension in the sagittal plane and is frequently accompanied by a varus alignment in the coronal plane, which is described as a varus recurvatum alignment. 4, 9, 17 In our clinical experience, the degree of altered gait mechanics and the amount of knee hyperextension may vary among patients. The gait may be markedly abnormal, severely disabling the patient. The duration of ambulation may be limited and crutches may be required. Alternatively, patients may have a less noticeable alteration in gait, with the abnormal knee hyperextension during stance going undetected and occurring only after prolonged walking and muscle fatigue. The associated ligament injuries that permit abnormal knee hyperextension and varus recurvatum most frequently involve not only the posterolateral structures but other ligamentous structures as well. 17, 18 The ACL is the most frequently associated ligament that is either disrupted or physiologically lax, permitting knee hyperextension. There may also be involvement of the posteromedial structures and the PCL. We have reported elsewhere the types of subluxations that occur when these ligamentous structures are involved, and we have reported the importance of methodical testing at knee examination to detect abnor-tAddress correspondence and repnnt requests to Frank R Noyes, MD, Cincinnati Sportsmedicine and Orthopaedic Center, 311 Straight Street, Cincinnati, OH 45219 9
No author or related institution has received any fmancial benefit from research in this study mal knee motion limits and subluxations of the medial and lateral tibiofemoral compartments.8, 12, [16] [17] [18] 27 The first purpose of this study was to examine the abnormal gait mechanics in patients with abnormal knee hyperextension due to ligamentous injury. We hypothesized that there were altered motions and moments at the hip, knee, and ankle that could be objectively analyzed through a comprehensive gait analysis. Furthermore, we observed different knee hyperextension patterns that we were unable to describe using only observational analysis.
The second purpose of this study was to develop a specific gait retraining program to correct abnormal gait mechanics. For many years at our center, we have used a gait retraining program that has successfully diminished clinical symptoms of knee pain and instability by training patients to resume more normal gait mechanics. We objectively studied the effect of gait retraining on these patients' gait abnormalities.
MATERIALS AND METHODS

Equipment
The gait analysis tests were performed at the Cincinnati Sportsmedicine and Orthopaedic Center and the Deaconess Hospital facility using the GaitLink System (Computerized Functional Testing Corporation, Chicago, Illinois).
The equipment included a two-camera video-based optoelectronic digitizer for measuring motion and a multicomponent force plate (Bertec, Columbus, Ohio) for measuring ground reaction force, camouflaged under a 10-m walkway. Measurements were obtained using a microcomputer-based acquisition system and remotely processed at the CFTC laboratory (Computerized Functional Testing Corporation, Chicago, Illinois) using techniques previously described. 1, 19
Patient Preparation
The testing protocol involved placing passive reflective markers at the superolateral-most aspect of the iliac wing, the lateral-most aspect of the greater trochanter, the lateral-most aspect of the joint line of the knee, the lateral malleolus, and the lateral head of the fifth metatarsal of the left and then the right side. Each leg was marked and tested separately. Limb movement was calculated by computer software using information from the three-dimensional position of these markers.
Testing Protocol
Each patient was asked to walk at a normal walking speed, a fast walking speed, and a slow walking speed along a 10-m walkway. Data were collected during the middle stride of several strides with the measurements starting just before the foot reached the force plate and continuing after the foot left the force plate to obtain a complete cycle of stance and swing phase. To control the effect of walking speed on other gait variables, measurements were obtained over a range of walking speeds so that we could select and compare tests of similar walking speeds. For analysis and comparison, measurements taken at the speed closest to 1 m/sec were used.'
Data Analysis
Each patient completed two tests: a pretraining gait analysis and a posttraining gait analysis. Printed data were routinely generated in graphic form to correlate events with the gait cycle. Kinematic data in the sagittal plane and kinetic data in the sagittal, coronal, and transverse planes of the hip, knee, and ankle were available for evaluation ( Fig. 1 ). Peak values during stance phase were identified and recorded for each patient. Using a previously described mathematical model, 3,23 joint reaction loads, lateral soft tissue forces, and muscle forces were calculated.
The statistical means and standard deviations for all five patients were calculated, and comparison of peak values pre-and posttraining were made using a paired, two-tailed Student's t-test. The gait analyses of 11 subjects with no knee injury, who matched study patients in age and walking speed, were used as a control group. An unpaired, two-tailed Student's t-test was used to compare patients' values with control subjects' values. All moments, which were expressed as external moments, were normalized to body weight and height. Therefore, we used the percentage of body weight x height to compare patients of different sizes.
Patient Evaluation
A detailed history was obtained from each patient. Date of original injury, treatment provided, surgical findings, symptoms, and disability were recorded. All patients completed questionnaires and were interviewed for the assessment of symptoms, sports activities, and functional limitations, according to the Cincinnati Knee Rating System.12 A comprehensive physical examination of both lower extremities was performed, including ligament testing, range of motion, muscle strength, and muscle atrophy. A radiographic evaluation was performed in which the weightbearing line and mechanical axis were determined from double-stance, full-length roentgenograms as previously described.' Gait Retraining Protocol &dquo;
Patients received detailed instructions from one of us (FRN) and underwent a gait retraining program, which was overseen by a physical therapist. The initial gait retraining required two to four clinical sessions to teach the patient the abnormal gait mechanics that had occurred and the gait adaptations necessary to restore a more normal gait (Table 1 ). The patient was instructed to practice the gait adaptations at home at least 2 to 4 hours daily. A family member was also taught the gait adaptations to assist and to observe the patient's gait at home during the reeducation process. To effectively institute gait retraining, it is important that abnormalities of the Figure 1 . The gait retraining events are graphically illustrated in Figure 2 . A comprehensive review of normal and abnormal gait mechanics has been published by Perry,19 whose detailed description of gait mechanics we recommend.
From clinical experience, we chose to initially focus on knee hyperextension so that the patient recognizes the primary abnormality that requires modification. The patient first attempts to maintain 5° of knee flexion with every step. This requires walking in a very slow and deliberate manner. The mental image of a woman walking in high heels, which produces 5° to 8° of knee flexion, helps the patient visualize the amount of knee flexion required.
The use of a 1to 2-inch elevated heel may be used in the initial training. The second step of training involves showing the patient the abnormal ankle and foot motions that occur simultaneously with knee hyperextension. This involves having the patient practice elevating the heel and pushing off with the forefoot and toes in the midstance phase to avoid knee hyperextension. The patient must limit excessive ankle plantar flexion and assume early ankle dorsiflexion to maintain forward progression of the tibia and flexion of the knee joint. The third step of the program analyzes the hip and body trunk position (Table   1 ). The fourth and final step of the program addresses whether an abnormal lower limb alignment, such as varus or valgus thrusting, or an external or internal rotational knee subluxation occurs when the knee is maintained during stance. The final step is important because a primary cause of a patient's abnormal knee hyperextension may be instability of the knee with flexion so that coronal plane or rotational transverse plane subluxations occur. In these instances, a functional knee brace and additional gait control training may be required.
After approximately two to four sessions, the patient generally will know of the abnormal gait mechanics and the specific gait adaptations required to have a more normal gait; the patient will also recognize when the knee hyperextension pattern occurs. The patient often uses a mental reminder with each step (such as &dquo;knee bent, toe pushoff') to constantly use the gait adaptation during each gait cycle. Each patient is videotaped during gait, and the tape is commonly used in the retraining process. A knee brace limiting knee hyperextension may be initially useful; however, the patient needs to accomplish the dynamic gait retraining and not push backward into the brace, using it as a passive limit to hyperextension.
When the patient walks fast or is busy with daily living tasks, it is common for the patient to revert to the abnormal hyperextension gait. In our clinical experience, patients usually convert to a more normal gait pattern within 4 weeks of retraining. The only patient in this study whose gait retraining was unsuccessful elected not to undergo the entire program. This demonstrates the time commitment and motivation required by the patient for a successful outcome. A comprehensive rehabilitation program designed to achieve normal muscle strength and endurance of all the muscle groups of the lower extremity as well as balance and lower limb neuromuscular coordination is another integral part of the overall rehabilitation program. The comparison of mean values for the patients and controls showed statistically significant differences in the mean values for knee hyperextension during heel strike and terminal extension in the five patients studied (Table 2, Fig. 3 ). The patients demonstrated a range of 5.4° to 18.4° less knee flexion during heel strike, loading response, and terminal extension when compared with controls (P < 0.05). There was a statistically significant higher-than-normal knee midstance extension moment (127%, P < 0.01) and knee adduction moment (28%, (P < 0.05). The calculated medial tibiofemoral compartment loads were 43% higher than control subjects (P < 0.001). Plantar flexion motion at the ankle was approximately 5°h igher than normal in patients before retraining, although the difference was not statistically significant (P = 0.22) because of large standard deviations.
Two knee hyperextension patterns were identified. Pattern I involved two periods of knee hyperextension during stance phase. One period was during heel strike and the second was at terminal extension, with knee flexion intervening during the loading response (Fig. 4 ). Pattern II involved a prolonged knee hyperextension pattern from heel strike throughout the midstance phase ( Fig. 5 ). Pattern I hyperextension was accompanied by an abnormal knee extension moment, which was exceedingly high, and an abnormal reversal of both hip extension and ankle dorsiflexion (Fig. 4 ). In Pattern II, with prolonged stance phase hyperextension, the knee flexion moment was markedly below normal and its effects were primarily at the knee, with only a slight delay in ankle dorsiflexion observed (Fig. 5 ).
Analysis of Gait Mechanics in Patients After Gait Retraining
After gait retraining, a statistically significant increase in the degrees of knee flexion (average, 10°) was measured at heel strike, terminal extension, and toe-off (Table 2, Fig.  3 ). The abnormal knee hyperextension at terminal extension changed to a knee flexion pattern with an average increase of 18° of flexion (P < 0.01) (Fig. 3 ). There were statistically significant decreases in the knee extension moment at heel strike and at terminal extension (23% and 80% decreases, respectively) ( Table 2) .
After gait retraining, the mean value for the adduction moment decreased to a normal value at the patients' knees, and a statistically significant reduction (30%) occurred in the medial tibiofemoral load (P < 0.05) (Table 2 ).
There was a 36% decrease in the hip abduction moment at heel strike (P < 0.01), and an 18% decrease in hip adduc- Figure 2 . Graphic representation of gait abnormalities observed in patients before retraining. Filled gray anatomic structures represent the correct, retrained positions at the trunk and upper body, hip, knee, foot and ankle, and toes (Table 1) . tion moment during the midstance after gait retraining (P < 0.01). Ankle plantar flexion motion decreased by 7° (P < 0.01); the decrease was associated with an 8% decrease in the ankle dorsiflexion moment (P = 0.25).
After gait retraining, four of the five patients eliminated or markedly decreased hyperextension at the knee and abnormal motion patterns at the hip and ankle. These four patients also converted the knee flexion-extension moment to a normal biphasic pattern. However, the fifth patient did not complete the gait retraining program and showed persistent gait abnormalities. If the fifth patient is excluded, the reduction in the knee adduction moment becomes statistically significant (P < 0.05), as does the reduction in the ankle dorsiflexion moment (P < 0.05). Figure 3 . An analysis of the pre-and posttraining knee flexion angles and how the amount of flexion relates to the ground reaction force. Hyperextension tends to place the ground reaction force anterior to the knee, requiring that the posterior structures rather than the quadriceps muscle balance the ground-reaction force.
The posttraining mean values for all the parameters were not statistically different from the control values (with or without the fifth patient included in the analysis).
Pain symptoms decreased significantly with training. The activity level achieved with pain symptoms increased from an average of 1.6 ± 0.9 to 4.8 ± 2.3 on a scale of 1 to 10 (P < 0.05) on the Cincinnati Knee Rating System. In addition, instability symptoms also lessened significantly with gait retraining, as activity levels associated with partial giving way increased from 2.4 ± 0.9 to 5.2 ± 2.3 on a scale of 1 to 10 (P < 0.05). A clinical summary of the five cases is provided in Table 3 .
DISCUSSION
Excessive knee hyperextension during stance phase was common to all patients in this study. It was possible to modify the abnormal hyperextension pattern in four of the five patients tested. The modification represents a substantial improvement for these patients because the loss of the normal knee flexion and extension patterns hold functional significance throughout the stance phases of the gait cycle: initial contact (heel strike), loading response, midstance, and toe-off.5,21 During the loading response phase, normal levels of knee flexion are needed for the knee joint to absorb shock; therefore, any limitation of normal knee flexion is intrinsically patholog-1C. 20, 22 A limb that is hyperextended during this phase transfers body weight directly from the femur to the tibia without the usual muscle energy absorption and cushioning a flexed knee provides (i.e., abnormal high compressive forces). The knee hyperextension pattern frequently causes pain in the medial tibiofemoral joint Figure 4 . Generalized motion at the hip, knee, and ankle (degrees), and flexion and extension moment (percentage of body weight x height) for patients showing Pattern I, knee hyperextension at heel strike and midstance only. and posterolateral ligamentous structures (i.e., abnormally high tensile forces).
The symptoms of pain during activities of daily living were reduced or eliminated after successful gait retraining. Gait retraining had a significant effect on pain and function in four of the five patients. These patients on average altered their pain and instability-with-activity ratings from approximately a 2 to a 5 on a scale of 1 to 10 using the Cincinnati Knee Rating System. This difference means that these patients went from moderate symptoms with activities of daily living (i.e., they were unable to walk for longer than 10 minutes without pain) to walking several hours per day without appreciable symptoms.
The causes of an abnormal knee extension vary. The hyperextension limit may increase abnormally because ligamentous injuries enable the knee to assume a hyperextended position during weightbearing. In other knees, there may be no increase in the hyperextension limit; instead, an abnormal hyperextension motion pattern occurs during gait.19 Quadriceps muscle weakness 25 or a symptomatic patellofemoral arthrosis may be an additional cause of hyperextension during the knee stance phase. Normally the quadriceps muscles contribute significantly to knee extension (concentric contraction) as well as controlled knee flexion (eccentric contraction). With quadriceps muscle weakness, hyperextension provides greater knee stability by allowing the ground reaction Figure 5 . Generalized motion at the hip, knee, and ankle (degrees), and flexion and extension moment (percentage of body weight x height) for patients showing Pattern 11, hyperextension of the knee throughout stance phase. force to pass anteriorly to the knee joint. Knee hyperextension with quadriceps muscle weakness enables knee stability during weightbearing, avoiding the need for the quadriceps muscle to restrain a rapidly flexing knee.ll Because of the hyperextension gait pattern, the quadriceps muscles become relatively inactive during the stance phase whether or not quadriceps muscle weakness is the initial cause of the hyperextension. This results in marked quadriceps muscle atrophy, which further compounds the patient's subjective descriptions of knee instability and giving way. Awareness and correction of this gait pattern before surgery will facilitate the postoperative rehabilitation program in restoring quadriceps muscle tone and strength.
A flexed knee stance at approximately 10° increases the moment arm of the quadriceps tendon and thus increases the mechanical advantage to the quadriceps muscle at that angle.2° Problems may occur during gait retraining when the patient returns to a flexed-knee stance. Any patellofemoral abnormalities may be aggravated and require treatment. If patellofemoral symptoms persist, gait retraining may fail.
A comprehensive rehabilitation program is used to increase muscle strength and endurance of all the muscle groups of the hip joint and lower extremity. The flexed knee gait is, in effect, also strengthening the quadriceps Clinical Data Summary for the Patient Group ' Anterior-posterior displacement, total displacement measured by KT-1000 arthrometer at 89 N of force. Inv-non, involved limb minus noninvolved limb. ' Weightbearing is a measure of percent tibial plateau width of the intersection of a line drawn from the center of the femoral head to the center of the ankle mortise. WBL, < 50% equals varus alignment. ' muscle and contributing to the rehabilitation process. The gait retraining and rehabilitation program, including home training, may require 2 to 3 months to complete. However, usually within 4 weeks, the gait retraining program provides increased strength and endurance of the lower extremity muscles and prevents abnormal loading of ligaments and soft tissue during knee hyperextension. This presents more advantageous motion characteristics for patients needing surgical reconstruction. Snyder-Mackler et al. 24 have noted an improvement in functional gait, in particular, knee flexion, with improvement of quadriceps muscle strength. However, reconstructive ligamentous surgery usually remains a requirement after gait retraining in active patients with ligamentous damage because the knee joint remains susceptible to giving way and, with sudden movements, the knee may assume an abnormal hyperextended or varus recurvatum position.
The thrusting hyperextension motion at the knee was associated with an abnormally high adduction moment, which tends to increase medial compartment compression forces and lateral distraction forces. This moment would place ACL and posterolateral reconstructions at risk for stretching out posteriorly. The failure to recognize a hyperextension gait pattern preoperatively and to institute corrective retraining may lead to postoperative failure of reconstructed ligaments if the abnormal gait pattern is resumed postoperatively. Retraining decreased the abnormally high knee extension and adduction moments to normal values in patients who completed our training program.
The characteristics of the hyperextension gait pattern appear to be important factors in how the gait retraining affects the final outcome of the mechanics of the walking pattern. Patients with a type II pattern (knee hyperextension throughout stance phase) appear to be better suited for gait retraining. Patients with a type I pattern (early and midstance hyperextension with knee flexion in between) have more difficulty in retraining because there is a rapid &dquo;back and forth&dquo; hyperextension-flexion-hyperex-tension pattern to control. These patients may have severe ambulatory problems, often requiring crutch support or a knee brace, and thus require more intensive teaching to learn a normal flexion-extension gait pattern.
The patient with the least amount of success at retraining (Case 5) lived in another city and could not be consistently retrained under our supervision. In addition, motivational factors played a role. The gait retraining program requires daily home sessions and patient motivation. However, patients frequently note significant improvements in pain and instability as a more normal gait pattern returns. This provides increased motivation to continue retraining until the normal gait pattern becomes routine at a subconscious level.
The abnormal varus recurvatum position of the knee due to ligamentous injury is markedly worse (e.g., symptoms, function, degrees of malalignment) if there is associated tibiofemoral varus alignment. The &dquo;triple varus knee&dquo; syndrome 15-l' refers to varus alignment, which is caused by 1) tibiofemoral osseous and geometric align-ment, 2) lateral tibiofemoral compartment separation due to lateral collateral ligament deficiency, and 3) added varus angulation in external tibial rotation and knee hyperextension with involvement of the entire posterolateral ligament complex. An abnormal increase in hyperextension usually indicates damage to many ligamentous structures (ACL or PCL, partial to complete tears), not only to the posterolateral complex. However, in some knees with physiologic slackness of the cruciate ligaments, there may be a significant varus recurvatum, which is due only to damage of the posterolateral complex. When there is extensive involvement of both the posterolateral and posteromedial structures, there may be an increase in knee hyperextension without tibial varus or external rotation.
Our clinical observations on the different types of abnormal knee motions and thrusts in the sagittal, coronal, and transverse rotational planes that occur during the stance phase of gait are summarized in Table 4 . It is important to note that abnormalities in tibiofemoral alignment (i.e., varus-valgus alignment and anterior or poste- rior slope of the tibial plateau) markedly affect knee thrusting motions in the coronal or sagittal plane and complicate the treatment in that abnormal osseous alignments may require correction before soft tissue reconstructive procedures. This has been discussed in greater detail elsewhere.10, 12, 16, 18, 26 Gait retraining may place the knee in an unstable flexed-knee position, producing another gait abnormality that precludes successful gait retraining (Table 4 ). In these instances, the gait retraining is necessary postoperatively after the severe ligamentous deficiencies have been corrected. Failure to recognize these gait abnormalities postoperatively may place high forces on healing soft tissues and risk failure of the operative procedure.
The varus thrusting gait abnormality, which is the most common type, is caused by a varus tibiofemoral osseous alignment. The varus tibiofemoral osseous alignment results from medial tibiofemoral arthrosis and abnormal lateral ligamentous laxity. The thrusting motion usually occurs with the knee close to full extension or in a few degrees of knee flexion, immediately after heel strike and during the loading response. The varus thrust may initially be very subtle and not appreciated by the patient until it is specifically pointed out.
We have discussed elsewhere the injuries to the lateral ligamentous structures that permit the increase in lateral joint openings. 7,17 There may be an associated external or internal rotational subluxation with the varus thrust depending on the type of ligament rupture. The rotatory subluxations are diagnosed by clinical tests that detect the abnormal anterior or posterior translation of the medial and lateral tibiofemoral compartments during tibial rotation maneuvers. 13, 18 The valgus thrusting gait usually has an associated valgus lower limb alignment, and typically there is combined external rotation of the tibia. The knee joint has been observed to turn inward during the stance phase, with the appearance of increased internal femoral rotation. Injury to the medial and posteromedial ligament structures allows anterior subluxation of the medial tibiofemoral compartment and an increase in medial joint opening. The increase in external tibial rotation may be misinterpreted as a result of injury to the posterolateral ligament structures Gait abnormalities are easy to recognize if one invests a small amount of time in the clinic for observation. Gait observation should be included in the routine clinical examination of the knee and lower extremity. The training sessions should be conducted every other week to ensure that the patient is following the program. To decrease cost factors, the patient and a member of his or her family should be trained to observe the difference between the abnormal and corrected gait. It may be helpful to videotape the abnormal and corrected gait of the patient and give a copy to the patient to take home and study as part of the reeducation process. The training must be practiced at home to be effective. Therefore, the cost of this type of training does not have to be high. In addition, because of the decrease in symptoms, two of the five patients did not require surgery after retraining and this resulted in significant cost savings.
CONCLUSIONS
We have shown that with the use of gait analysis techniques and gait retraining, patients with severe ligamentous injuries can alter the biomechanics of hip, knee, and ankle function to more normal levels. Both kinetic and kinematic gait laboratory data support this finding. Abnormal knee extension motion can be significantly reduced, as can adduction and extension moments about the knee. The medial tibiofemoral load can reach the normal range. Lateral hip moments (abduction and adduction) can be brought to normal levels. In addition, ankle plantar flexion and its counterbalancing dorsiflexion moment can be decreased. Our findings demonstrate that appropriate gait adaptations resulting from careful instruction and extensive rehabilitation have a place in the treatment of knees with complex ligament injuries. We believe preoperative gait retraining is a useful adjunct to reconstructive ligament surgery in patients with knee gait abnormalities. [257] [258] [259] [260] [261] [262] [263] 1993 
